Lysosomes are acidic and hydrolytic organelles responsible for receiving and digesting cargo acquired during endocytosis, phagocytosis, and autophagy. For macrophages and dendritic cells, the lysosome is kingpin, playing a direct role in microbe killing and antigen processing for presentation. Strikingly, the historic view that lysosomes are homogeneous and static organelles is being replaced with a more elegant paradigm, in which lysosomes are heterogeneous, dynamic, and respond to cellular needs. For example, lysosomes are signalling platforms that integrate stress detection and molecular decision hubs such as the mTOR complex 1 and AMPK to modulate cellular activity. These signals can even adjust lysosome activity by modulating transcription factors such as transcription factor EB (TFEB) and TFE3 that govern lysosome gene expression. Here, we review lysosome remodelling and adaptation during macrophage and dendritic cell stimulation.
2005; Zhang et al., 2014) . mTORC1 and AMPK then govern the balance of anabolism and catabolism to serve the cell's requirements, which includes adapting lysosome function by regulating transcription factor EB (TFEB) and TFE3, transcription factors that upregulate lysosome and autophagy gene expression (Martina & Puertollano, 2017; Roczniak-Ferguson et al., 2012; Settembre et al., 2012; Settembre, Fraldi, Medina, & Ballabio, 2013) . We point the reader to the following lysosome-dedicated reviews for additional details (Appelqvist, Wäster, Kågedal, & Öllinger, 2013; Lim & Zoncu, 2016; Luzio, Pryor, & Bright, 2007; Mindell, 2012; Pu et al., 2016; Xu & Ren, 2015) .
Lysosomes are kingpins in macrophages and DCs. These cells survey tissues for infection and then proceed to phagocytose and sequester the perpetrating pathogens into phagosomes that then fuse with lysosomes to acquire an acidic milieu that kills and degrades the enclosed microbe (Fairn & Grinstein, 2012; M. Gray & Botelho, 2017; Levin, Grinstein, & Canton, 2016; Pauwels, Trost, Beyaert, & Hoffmann, 2017) . DCs, in particular, must orchestrate lysosome FIGURE 1 Proposed model for lipopolysaccharides (LPS)-induced lysosome tubulation in phagocytes. LPS engages the PI3K-AKT-mTOR signal axis downstream of Toll-like receptor-4 (TLR4). mTOR then enhances the levels of the Arl8b GTPase on lysosomes, which likely boosts kinesin-1 activity and lysosome extension. Dynein activity is also necessary for lysosome tubulation through stimulation of the Rab7-RILP pathway and the ALG2 dynein adaptor, which is stimulated by TRPML1-mediated Ca 2+ release from lysosomes. Overall, we propose that dynein may function as lysosome anchor, whereas kinesin-1 drives extension towards the cell periphery, coupled with membrane influx to grow long tubules. Lysosome tubulation enhances antigen (Ag) presentation to CD4 + T-cells and release of microbial factors (i.e., muramyl dipeptide) into the cytosol to increase immune signalling. Solid arrows indicate established interactions or outcomes, whereas dashed arrows indicate predictions or extrapolated from nonimmune cell systems degradative capacity to preserve antigen peptides and load these into the major histocompatibility complex-II (MHC-II) for antigen presentation (Pauwels et al., 2017; 
| LYSOSOME TUBULATION IN MACROPHAGES AND DCs
Resting macrophages and DCs are enriched in spheroidal lysosomes about 0.5-1 μm in diameter (Appelqvist et al., 2013; Lüllmann-Rauch, 2005) . However, stimulation of these cells with several agonists causes a dramatic reorganisation of lysosomes into a tubular network (see Figure 1 for a model). In macrophages, lysosomes labelled with pinocytic fluid-phase markers undergo tubulation upon exposure to phorbol 12-myristate 13-acetate (J. Swanson, Burke, et al., 1987; J. A. Swanson, Yirinec, & Silverstein, 1985) or to lipopolysaccharides (LPS; Mrakovic, Kay, Furuya, Brumell, & Botelho, 2012; Li, Rydzewski, et al., 2016; Saric et al., 2016) . In DCs, lysosomes, which are commonly referred to as the MHC-II compartment, undergo extensive tubulation during DC maturation with LPS (Barois, de Saint-Vis, Lebecque, Geuze, & Kleijmeer, 2002; Boes et al., 2003; Chow, Toomre, Garrett, & Mellman, 2002; Kleijmeer et al., 2001; Nakamura et al., 2014) , during immune synapse formation (Boes et al., 2002; Chow et al., 2002) , and upon fungal phagocytosis (Vyas et al., 2007) . Indeed, these tubules are positive for classical lysosomal markers (Vyas et al., 2007) , though lysosome tubules are likely heterogeneous. Although the above represents a near complete transformation of lysosomes into a tubular network, there is also localised lysosome tubulation. For example, lysosome tubules emanate from and towards phagosomes during phagosome maturation (Harrison, Bucci, Vieira, Schroer, & Grinstein, 2003; Mantegazza et al., 2014; Sun-Wada, Tabata, Kawamura, Aoyama, & Wada, 2009 ).
What are the functions of lysosome tubulation? This remains highly speculative. In macrophages, lysosome tubulation is associated with increased retention of fluid-phase endocytosis, which suggests an expanded lysosome volume (J. Swanson, Burke, et al., 1987) . In DCs, lysosome tubules are proposed to help deliver peptide-MHC-II to the plasma membrane, including at the immune synapse sites (Barois et al., 2002; Boes et al., 2002; Chow et al., 2002; Saric et al., 2016) . Tubulation may also facilitate fusion between phagosomes and lysosomes and mediate exchange between phagosomes to help homogenise antigenic content (Harrison et al., 2003; Mantegazza et al., 2014; Stephen et al., 2007; Sun-Wada et al., 2009 Interestingly, not only were the transporters required for MDP transport and NOD2 activation, but also overexpression of SLC15A3 sufficed to tubulate lysosomes, whereas its deletion impaired LPS-induced tubulation (Nakamura et al., 2014) DCs even after fusion with lysosomes, affecting antigen processing (Jancic et al., 2007; Mantegazza et al., 2008; Savina et al., 2006) . Overall, the function and properties of lysosome tubules remain a very nebulous area of lysosome and innate immune biology.
| HOW TO SIGNAL LYSOSOME TUBULATION?
Exceptionally little is known about the signalling pathways that allow triggers such as LPS to communicate and comprehensively remodel lysosome morphology in macrophages and DCs. For LPS, this requires Toll-like receptor-4 (TLR4) because MyD88-defective DCs and macrophages fail to tubulate lysosomes in response to LPS (Boes et al., 2003; Saric et al., 2016; Vyas et al., 2007) . Other receptors also modulate lysosome function because phagocytosis of the fungus Cryptococcus neoformans induces tubulation, even in MyD88 −/− DCs (Vyas et al., 2007) . Focusing on LPS-induced lysosome remodelling, we showed that lysosome tubulation requires the phosphatidylinositol-3-kinase-AktmTOR signalling axis (Saric et al., 2016) . How might mTOR activity induce tubulation? We showed that LPS treatment increases the levels of the Arl8b GTPase on lysosomes in an mTOR-dependent manner (Saric et al., 2016) . Interestingly, the Arl8b GTPase has emerged as a lysosome master regulation that rivals the canonical Rab7 GTPase, controlling a variety of parameters including lysosome positioning, trafficking, and tubulation itself (Garg et al., 2011; Hofmann, 2006; Michelet et al., 2015; Mrakovic et al., 2012) ; we explore this further below. 1987; J. Swanson, Burke, et al., 1987; Vyas et al., 2007) . A reasonable model is that microtubules provide a physical template to extend lysosomes via kinesins and dynein. These motors are linked to lysosomes via the lysosomal Rab7 and Arl8b GTPases. Specifically, the Rab7
GTPase links lysosomes to dynein and kinesin-1 via RILP and FYCO1, respectively (Jordens et al., 2001; Pankiv et al., 2010) . In comparison, the Arl8b GTPase recruits kinesin-1 via SKIP to lysosomes, which catalyses lysosome movement to the periphery (Rosa-Ferreira & Munro, 2011) . Strikingly, LPS-mediated lysosome tubulation in macrophages requires all these factors (Mrakovic et al., 2012) .
How Rab7 and Arl8b GTPases and effectors coordinate dynein and kinesin-1 to productively generate lysosome tubules is an enigma.
One possibility is that the dynein branch is stimulated during LPS exposure by the selective Ca 2+ efflux from lysosomes via the lysosomal calcium channel TRPML1 (X. Li, Rydzewski, et al., 2016) . The release of Ca 2+ then activates ALG2, a positive modulator of dynein-dynactin complex (X. Li, Rydzewski, et al., 2016) . In comparison, the augmented levels of Arl8b GTPase on lysosomes may boost kinesin activity to pull lysosomes to the cell periphery, generating tension (Saric et al., 2016) .
The mTOR-dependent boost in Arl8b membrane deposition may be regulated by the multisubunit complex BORC1 (Pu et al., 2015) .
BORC1 is important for Arl8b to recruit kinesin motors, including kinesin-1 and kinesin-3, to move lysosomes to the cell periphery (Guardia, Farías, Jia, Pu, & Bonifacino, 2016; Pu et al., 2015) . However, the Ragulator complex of mTOR also negatively modulates BORC1 and Arl8b activity during amino acid starvation (Filipek et al., 2017; Pu, Keren-Kaplan, & Bonifacino, 2017) , suggesting that the mTOR machinery differentially governs Arl8b depending on context. Overall, given that lysosome tubules grow outward and track with EB1, a plus-end microtubule tracking protein, Arl8b-kinesin-1 must be relatively more active than dynein in LPS-exposed cells (Boes et al., 2003; Chow et al., 2002; Vyas et al., 2007) . Because dynein is required for tubulation, we speculate that dynein may act as an anchor, whereas kinesin aids lysosome extension. Lysosome stretching cannot explain how lysosome tubules reach lengths of >10 μm. Thus, motor activity must also be coordinated with membrane influx and/or lysosome coalescence to enlarge lysosomes in order to produce lengthy lysosome tubules; indeed, enlarged lysosomes are observed in LPS-treated macrophages disrupted for motor activity (Mrakovic et al., 2012) . TFE3 can boost lysosome function, which in turn aids in stress resolution; this approach is actively being pursued to resolve proteolipid aggregates in neurodegenerative conditions (Medina et al., 2011; Appelqvist et al., 2013b; Polito et al., 2014; Palmieri et al., 2017) .
| Transcriptional reprogramming of lysosome activity in macrophages during infection
Our best understanding of TFEB activation is during amino acid depletion and conditions that stimulate autophagy, including inhibition of mTORC1 activity and AMPK activation (Lim & Zoncu, 2016; Martina & Puertollano, 2017; Settembre et al., 2013) . A common view of this process is that mTORC1 phosphorylates TFEB, forming docking sites for the 14-3-3 scaffolding protein that then maintains TFEB in the cytosol (Martina, Chen, Gucek, & Puertollano, 2012; Peña-Llopis et al., 2011; Roczniak-Ferguson et al., 2012; Settembre et al., 2012) .
Upon repression of mTORC1 and activation of the Ca
2+
-dependent phosphatase calcineurin, TFEB is dephosphorylated and enters the nucleus to stimulate gene expression (Medina et al., 2011; Wang et al., 2015) . However, our perception of the regulation of TFEB and TFE3 is becoming increasingly complex and now involves mTORC1-independent regulatory mechanisms and players such as Akt, GSK3β, PKC, and PKD (Najibi, Labed, Visvikis, & Irazoqui, 2016; Y. Li, Xu, et al., 2016; Palmieri et al., 2017) . For more detailed discussion of TFEB and TFE3, we suggested the following excellent reviews (Appelqvist et al., 2013; Martina & Puertollano, 2017; Settembre et al., 2013) .
Various groups have now shown that exposure of macrophages to antibody-coated particles, unopsonized bacteria including Escherichia coli, Staphylococcus aureus, Mycobacterium smegmatitis, invasive Salmonella, or specific microbe-associated molecular patterns like LPS stimulates TFEB and TFE3 (M. A. Gray et al., 2016; Najibi et al., 2016; Ouimet et al., 2016; Pastore et al., 2016; Visvikis et al., 2014; Vural et al., 2016) . Remarkably, bacterial activation of TFEB is a highly conserved phenomenon; Caenorhabditis elegans exposed to bacteria activated the TFEB ortholog, HLH-30, and hlh-30 mutant C. elegans had compromised survival in the presence of bacteria (Visvikis et al., 2014) .
The role of TFEB in resolving infection likely entails two mechanisms: upregulation of genes encoding lysosomal proteins and genes encoding immune-regulatory and immune-protective proteins.
Supporting the latter, C. elegans and mammalian macrophages upregulate immuno-protective and immuno-regulatory protein expression in response to bacteria and/or LPS in a TFEB and/or TFE3-dependent manner (Pastore et al., 2016; Visvikis et al., 2014) . More specifically, macrophages silenced or deleted for TFEB and/or TFE3 had impaired production of specific cytokines and chemokines including IL1β, TNFα and CCL5 in response to LPS (Pastore et al., 2016; Visvikis et al., 2014) .
Additionally, mice carrying myeloid-specific deletion of TFEB and TFE3 also had abated immune response to LPS, though in vivo infection studies were not pursued in this study (Pastore et al., 2016) . Lysosome function is also scaled up upon infection in a TFEB-dependent manner.
For example, phagocytosis of S. aureus and E. coli drove lysosome biogenesis in a TFEB-dependent manner, whereas artificially stimulating lysosome biogenesis suppressed growth of methillin-resistant S. aureus (ii) These pathways engage pathways including TRPML1-mediated Ca 2+ release from lysosomes during phagosome-lysosome fusion, PLC-PKC-PKD signal axis and other factors that govern TFEB in some fashion. (iii) mTOR complex 1 phosphorylates TFEB on lysosomes, which then binds to 14-3-3 to form a cytosolic complex. However, immune signals can stimulate TFEB dephosphorylation, possibly by stimulating calcineurin (CN) to expose a nuclear localisation signal. (iv) Free of 14-3-3, TFEB translocates into the nucleus to boost expression of lysosome and immune-regulatory genes. Though not shown, TFE3 likely works similarly to TFEB to boost lysosome biogenesis upon immune stimulation. Solid arrows indicate established interactions or outcomes, whereas dashed arrows indicate predictions or extrapolated from nonimmune cell systems 3.2 | Controlling the transcriptional reprogramming of lysosome activity during infection
As discussed above, TFEB and TFE3 are activated to induce lysosomal and immune-regulatory genes in response to whole-bacteria exposure, Fcγ receptor-mediated phagocytosis, and TLR signalling. The signalling networks that modulate TFEB during phagocyte response to microbes are only now being dissected. First, at least TLR4 and TLR7 engage the TFEB/TFE3 pathway (Pastore et al., 2016) . Nonetheless, TFEB and TFE3 are only substantially activated many hours postexposure to LPS, suggesting that TLR signals do not directly control these transcription factors (Pastore et al., 2016) . By contrast, phagocytosis of IgGcoated beads, which engages Fcγ receptor signalling, and unopsonized E. coli and S. aureus, which concurrently engage several types of receptors, stimulates TFEB within 1 h of exposure (M. A. Gray et al., 2016; Visvikis et al., 2014) . Collectively, this suggests that temporal scale must be considered when examining immune-receptor signalling and TFEB/TFE3.
Downstream of the receptors themselves, there is likely divergent pathways feeding into lysosome adaptation. First, LPS-increases the levels of AGS3, an activator of G-protein signalling, and whose overexpression upregulates TFEB, lysosome function and bacterial killing (Vural et al., 2016) . However, it is not clear how AGS3 accomplishes this. Second, there is evidence linking PLC, PKC, and PKD modulation of TFEB/HLH-30 in murine macrophages and C. elegans in the response to Salmonella and S. aureus (Najibi et al., 2016 ). Yet it is uncertain if this represents a host cell response or pathogen modulation of the host because live-Salmonella was required to activate PKD in mouse macrophages and the authors employed Salmonella grown to late-log, which are invasive (Najibi et al., 2016) .
Nonetheless, a role for PLC and PKC may be consistent with our own observations using IgG-coated particles. We demonstrated that FcγR-elicited phagosomes required Ca 2+ released through the lysosomal Ca +2 channel MCOLN1/TRPML1 (M. A. Gray et al., 2016) .
Interestingly, signals proximal to Fcγ receptor-signalling like activation of the kinase Syk were not sufficient to trigger TFEB (M. A. Gray et al., 2016) . Collectively, we speculate that TFEB is triggered during phagosome-lysosome fusion because MCOLN/TRPML1 activation occurs during and is required for phagosome maturation (Dayam, Saric, Shilliday, & Botelho, 2015) . Ca 2+ release may then activate calcineurin to dephosphorylate TFEB during phagosome maturation as suggested for autophagy (M. A. Gray et al., 2016; Medina et al., 2011; Wang et al., 2015) . (Chauhan et al., 2013) . Strikingly, nontranscriptional-based methods may also play a role in lysosome adaptation. For example, lysosome and autophagy are suppressed in macrophages infected with M. tuberculosis by increasing the levels of microRNAs miR-33 and miR-33*, which targeted expression of AMPK.
This then abated activity of TFEB, lysosomal, and autophagy gene expression without directly binding to TFEB mRNA (Ouimet et al., 2016) . Second, TFEB may be suppressed by Trex1, a cytosolic exonuclease associated with the endoplasmic reticulum that plays a role in sensing cytosolic DNA and cellular response to viral infections. Interestingly, Trex1 −/− cells are broadly resistant to viral infections by inducing the interferon-stimulated gene response by activating TFEB (Hasan et al., 2012) . Thus, lysosome adaptation in phagocyte biology and how pathogens may alter these functions to enhance their intracellular survival is primed for exploration. 
